To directly compare the sensitivity of 64-section multidetector computed tomography (CT) with that of 1.5-T magnetic resonance (MR) imaging in the depiction and measurement of heterogeneous 7-8-week-old microinfarcts and the quantification of regional left ventricular (LV) function and perfusion in the territory of coronary intervention in a swine model.
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Carlsson et al MR imager (Achieva I/T, Philips Medical Systems). The LAD coronary artery was catheterized with x-ray fl uoroscopy, as described previously ( 18 ) . The animals were brought to the MR imager after the 3-F infusion catheter (Cook, Chicago, Ill) was placed distal to the fi rst diagonal branch of the LAD . First-pass perfusion MR images were acquired during intraarterial injection of 10 mL of 10% diluted gadoterate meglumine (Dotarem; Guerbet, Paris, France). The method of delineation of the LAD coronary artery territory has been described recently ( 18 ) . Short-axis sections covering the LV were acquired to defi ne the perfusion territory with a saturation-recovery gradient-echo sequence (repetition time msec/echo time msec, 4.5/2.2; section thickness,10 mm; fi eld of view, 26 3 26 cm; matrix, 128 3 128; fl ip angle , 20°; acquisition time, three R-R intervals per dynamic acquisition). Thereafter, coronary microembolization was achieved with slow (60 sec) infusion of 250 000 count of 40-120-µm-diameter embolic material (Embosphere; Biosphere Medical, Rockland, Mass) through the 3-F catheter. To enable us to confi rm the presence of regional ischemia, additional fi rst-pass perfusion MR imaging was performed 1 hour after microembolization with the same perfusion sequence gion of interest could be detected with delayed contrast-enhanced MR imaging 6-8 hours after delivery of microemboli into the left anterior descending (LAD) coronary artery territory ( 10, 11 ) . The differential enhancement of heterogeneous microinfarct is related to the larger distribution volume and relatively slow wash-in and wash-out of extracellular contrast media (14) (15) (16) . To the best of our knowledge, however, heterogeneous microinfarcts have not been previously studied with modern multidetector CT or a combination of multidetector CT and MR imaging. The aim of this study was to directly compare the sensitivity of 64-section multidetector CT with that of 1.5-T MR imaging in the depiction and measurement of heterogeneous 7-8-week-old microinfarcts and the quantifi cation of regional left ventricular (LV) function and perfusion in the territory of coronary intervention in a swine model.
Materials and Methods

Study Protocol and Microemboli
This study was performed between November 30, 2007, and February 18, 2008 , in accordance with the Guide for the Care and Use of Laboratory Animals ( 17 ) and with approval from our institutional committee on animal research. Eight adult healthy farm pigs (mean weight, 33 kg 6 1 [standard error of the mean ]) were anesthetized with a mixture of 2%-5% isofl urane and oxygen at a rate of 2-3 L/min, as described previously ( 8, 9 ) . Two animals died within 24 hours after delivery of the embolic materials. Coronary catheterization, intervention, and imaging were performed in a hybrid x-ray/MR suite that comprised an x-ray system (Integris V5000; Philips Medical Systems, Best, the Netherlands) and an P ercutaneous coronary intervention is commonly used to treat coronary artery disease. With the aging population in the United States and other countries, the number of these procedures has increased each year. In relatively recent studies, researchers have identifi ed coronary microemboli as a compounding cause of regional myocardial contractile dysfunction and perfusion defi cits in these patients (1) (2) (3) (4) (5) . In fact, coronary microemboli have been documented at autopsy in patients after sudden death ( 4, 6, 7 ) .
Noninvasive cardiac imaging is now key in the diagnosis and care of patients who are known to have or are suspected of having coronary artery disease. Myocardial viability imaging is performed with fl uorine 18 fl uorodeoxyglucose positron emission tomography, single photon emission computed tomography, magnetic resonance (MR) imaging, andrecently-64-section multidetector computed tomography (CT). Unlike imaging of homogeneous large infarcts, however, imaging of heterogeneous microinfarcts is challenging because of the limited spatial resolution and the fact that the microinfarcted area contains a mixture of viable and nonviable myocytes.
Microinfarcts are defi ned as bright heterogeneous subregions seen on delayed contrast material-enhanced MR images and pale unstained necrotic subregions seen on histochemically stained specimens (8) (9) (10) (11) . In several studies, researchers found heterogeneous microinfarcts in patients ( 2, 5, 12, 13 ) and animals (8-11) on delayed contrastenhanced MR images. Experimental studies have shown that a heterogeneous microinfarct exceeding 5% of the re-
Implication for Patient Care
Multidetector CT and MR imagn ing may be used to detect cardiac microinfarcts in patients with a wide range of diseasessuch as atherosclerosis, valvular disease, endocarditis, and arrhythmias-as well as after invasive coronary interventions.
Advances in Knowledge
Modern multidetector CT and n MR imaging are sensitive modalities with which to visualize and measure heterogeneous microinfarcts.
Multidetector CT and MR imagn ing can be used to detect regional myocardial perfusion defi cits in the territory of intervention. ( 31, 32 ) . The method of image analysis used for multidetector CT did not differ from that used for MR. Cine images were used to measure the ejection fraction, end-diastolic volume, and end-systolic volume by delineating the endocardium in all short-axis sections at end diastole and end systole. The difference in epicardial and endocardial volumes was multiplied by 1.05 g/mL and used to determine LV mass. Systolic wall thickening was quantifi ed in eight segments in three consecutive short-axis sections, as described previously ( 33 ) . The mean wall thickening of the microinfarcted segments was calculated and compared with that of the remote segments of the same short-axis section. First-pass perfusion images were used to quantify maximuim upslope, peak signal intensity, and time to peak in the LV blood pool, LAD coronary artery territory with microinfarct scar, and remote myocardium ( 9, 25 ) . The total extent of heterogeneous microinfarct scar was measured on delayed contrast-enhanced images by thresholding and selecting subregions with a signal intensity or attenuation three standard deviations above the signal intensity or attenuation of remote myocardium ( 9 (24) (25) (26) . In these clinical and experimental studies, we found that an interval of 3-5 minutes between contrast material injection and multidetector CT scanning yielded the best contrast between homogenous infarcts, viable myocardium, and LV blood pool. A time delay of 5 minutes has been shown to yield the best differentiation of remote myocardium, infarcts, and LV blood pool in porcine models ( 27 ) and has been used previously ( 23 ) . Multiplanar reformations of the cine and delayed contrast-enhanced images were reconstructed in 5-mm sections in the shortaxis view.
MR Imaging
The following MR sequences ( 19, 28, 29 ) were used to measure LV function, perfusion, and viability and to compare the data with multidetector CT. Cine MR imaging was performed in the short-axis view, encompassing the LV, with a steady-state free precession sequence (3.5/1.75, 70° fl ip angle, 10-mm section thickness, no section gap, 25 3 25-cm fi eld of view, 160 3 152 matrix, 16 heart phases).
First-pass perfusion MR images were acquired after administration of 0.1 mmol/kg gadoterate meglumine in four short-axis sections with a saturationrecovery gradient-echo sequence (4.5/2.2, 10-mm section thickness, 26 3 26-cm fi eld of view, 128 3 128 matrix, 20° fl ip angle, and two R-R intervals per dynamic acquisition ). The injection rate of MR contrast media was 3 mL/sec.
Delayed contrast-enhanced MR images were acquired after injection of another 0.05 mmol/kg of gadoterate meglumine. These images were obtained 5-10 minutes after injection because the wash in and wash out of the contrast media from a heterogeneous microinfarct are faster than the wash in and wash out from a homogeneous infarct ( 8,9,16,30 ). We have previously shown that an imagdescribed previously but with two R-R intervals per dynamic acquisition ( 9 ) . A direct intraindividual comparison between 64-section multidetector CT and 1.5-T MR imaging was performed 7-8 weeks after microembolization. The rationale for using a time window of 7-8 weeks to study heterogeneous microinfarcts was based on the complete formation of scar tissue in homogeneous infarcts in swine, as shown in previous studies ( 19, 20 ) . Multidetector CT was performed 5 days 6 1 (standard deviation) after the MR examination.
64-Section Multidetector CT
CT scanning was performed with a 64-section multidetector unit (LightSpeed Ultra; GE Healthcare, Princeton, NJ) and with the animals in the supine position during an end-expiratory breath hold. After scout imaging was performed to localize the heart, cine imaging, fi rst-pass perfusion, and delayed contrast-enhanced sequences were performed. Iodinated contrast media (300 mg of iodine per milliliter, Omnipaque; GE Healthcare) followed by a 40-mL saline chaser was administered during perfusion (1 mL per kilogram of body weight) and LV function (2 mL/kg) imaging. The following sequences were performed ( 21-25 ):
First-pass perfusion was performed with a tube voltage of 120 kV; a tube current of 100 mAs; and one full gantry rotation per heart beat, which was calculated by dividing the heart rate by 60 seconds to obtain images at approximately the same time during the R-R interval. Eight sections were acquired with 5-mm section thickness and an in-plane spatial resolution of 0.625 3 0.625 mm. The injection rate of CT contrast media was 5 mL/sec.
Cine images were acquired to enable us to assess LV function and reconstruct every 5% of the cardiac cycle (tube voltage, 120 kV; tube current, 650 mAs; spatial resolution of reconstructed images, 0.625 3 0.625 3 0.625 mm).
Delayed contrast-enhanced multidetector CT images were acquired to assess viability 3-5 minutes after the administration of contrast media for LV function (tube voltage, 120 kV; tube Note.-Unless otherwise indicated, data are means 6 standard errors of the mean. Data in parentheses are ranges.
Figure 2
Figure 2: Multidetector contrast-enhanced cine CT images acquired at (a) end-diastolic and (b) end-systolic phases used to measure LV regional and global function. Note that contrast-enhanced multidetector CT images show better definition of LV and right ventricular walls and lack the interphase low signal intensity seen on unenhanced MR images (Fig 1) . Base = basal, Mid = middle.
EXPERIMENTAL STUDIES: Heterogeneous Microinfarcts Caused by Coronary Microemboli Carlsson et al
of global LV function (ejection fraction, end-diastolic volume, end-systolic volume, and cardiac output) and LV mass ( Table 1 ). The biases for functional parameters with multidetector CT compared with those with MR imaging were 2.6% 6 3.6 for ejection fraction, 0.8 mL 6 8.5 for end-diastolic volume, 1.9 mL 6 6.5 for end-systolic volume, 0.2 L/min 6 0.6 for cardiac output, and 2 6.7 g 6 5.6 for LV mass. Both multidetector CT and MR imaging revealed a decrease in systolic wall thickening in the microinfarcted LAD coronary artery territory compared with that of the remote myocardium ( Fig 3 ) .
Multidetector CT and MR Imaging in the Assessment of Regional Perfusion
The LAD coronary artery territory with heterogeneous microinfarcts could not be detected as differential enhancement with either modality at visual analysis. However, quantitative analysis of regions of interest revealed a minor difference in regional perfusion between the LAD coronary artery territory with heterogeneous microinfarcts and remote myocardium on both multidetector CT and MR images ( Fig 4 ) . MR estimates of perfusion in the LAD coronary artery territory with heterogeneous microinfarct scar showed a decrease in maximum upslope and time to peak ( P = .03 for both) compared hyperenhanced region during an intraarterial bolus injection of MR contrast media ( 18 ) . The extent of LAD coronary artery territory was 32.4% 6 3.8 of the LV mass. Delivery of the embolic materials caused myocardial ischemia, as shown on electrocardiograms by ST-T wave changes. The presence of regional ischemia was confi rmed on additional fi rst-pass perfusion MR images as a hypoenhanced region in the LAD coronary artery territory. A transient (approximately 30-minute) decline in mean heart rate (from 92 beats per minute 6 5 to 82 beats per minute 6 2, P , .05) was observed after delivery of the embolic material.
Multidetector CT and MR Imaging in the Assessment of Global and Regional LV Function
A direct (intraindividual) comparison between multidetector CT and MR imaging was performed 7-8 weeks after delivery of the embolic material. Figures 1 and 2 show MR and multidetector CT images acquired from the same animal. Both modalities yielded excellent contrast between the blood pool and the LV wall: The attenuation was 498% 6 50 higher in the blood pool than in the LV wall on multidetector CT images, and the signal intensity was 485% 6 64 higher in the blood pool on MR images. There was no signifi cant difference between the multidetector CT and MR measurements modalities and between remote and microinfarcted myocardium. The parameters tested for differences between imaging modalities were LV volumes, ejection fraction, LV mass, cardiac output , microinfarction size, and signal intensity and attenuation of the myocardium. The variables tested to assess differences between remote and microinfarcted myocardium were systolic wall thickening for regional function and maximum upslope, maximum enhancement or attenuation, and time to peak for regional perfusion. Bias for microinfarct size on multidetector CT and MR images was determined with BlandAltman analysis as the mean difference 6 standard deviation of the difference, with TTC staining serving as the reference standard. Bias was also calculated for the global LV function parameters by using the mean results of multidetector CT and MR imaging as a reference standard. A P value of less than .05 was considered indicative of a signifi cant difference.
Results
X-ray MR Imaging in Defi ning LAD Coronary Artery Territory
The LAD coronary artery was successfully catheterized with x-ray guidance in all animals. With MR imaging, the LAD coronary artery territory was seen as a images. Lines extending from the bars indicate standard errors of the mean. Note the impairment in systolic wall thickening in the microinfarcted LAD territory compared with remote myocardium 7-8 weeks after embolization with both methods. * = A signifi cant difference (P , .05) was seen when comparing microinfarcted wall thickening with remote myocardium within each section.
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Carlsson et al covered the LAD coronary artery territory (8-11). The signal intensity of microinfarct scar on delayed contrastenhanced MR images was 843% 6 90 higher than that of remote myocardium (1143 au 6 51 vs 128 au 6 15, P = .03). However, the attenuation of microinfarct scars on delayed contrastenhanced multidetector CT images was only 60% 6 4 higher than that of remote myocardium (172 HU 6 9 vs 107 HU 6 6, P = .03). Thus, delayed contrast-enhanced MR images had a 15 6 3-fold higher signal intensity ratio between microinfarct scar and remote perenhanced subregions in the LAD coronary artery territory on delayed contrast-enhanced multidetector CT and delayed contrast-enhanced MR images ( Fig 5 ) . Delayed contrast-enhanced multidetector CT and MR images obtained in the long-axis view also showed hyperenhanced stripes of microinfarct extending from the epicardium to the endocardium in the LAD coronary artery territory. Unlike homogeneous (20,34) infarcts caused by occlusion or reperfusion of major coronary arteries, the distribution of microinfarcts caused by microemboli was heterogeneous and with remote myocardium ( Table 2 ) . Multidetector CT estimates differed only between the microinfarct and the remote myocardium for time to peak ( P = .03).
In remote myocardium, the increases in attenuation on multidetector CT images (73% 6 10) and signal intensity on MR images (150% 6 20) were signifi cantly different ( P = .03).
Multidetector CT and MR Imaging in the Detection of Heterogeneous Microinfarct Scar
At 7-8 weeks, heterogeneous microinfarct scars were clearly seen as hy- 
EXPERIMENTAL STUDIES: Heterogeneous Microinfarcts Caused by Coronary Microemboli Carlsson et al
myocardium compared with multidetector CT ( P = .03). The total extent of microinfarct measured with delayed contrast-enhanced multidetector CT, delayed contrast-enhanced MR imaging, and TTC staining with the semiautomatic method was 6.3% 6 0.8, 6.6% 6 0.5, and 7.0% 6 0.6, respectively. The results were not signifi cantly different (multidetector CT vs MR imaging, P = .84; delayed contrast-enhanced multidetector CT vs TTC staining, P = .31; delayed contrast-enhanced MR imaging vs TTC staining, P = .69). Figure 6 shows the agreement between multidetector CT, MR imaging, and TTC staining with the Bland-Altman test. The bias for the extent of microinfarct on delayed contrast-enhanced multidetector CT and MR images was 2 0.6 6 1.9 and 2 0.4 6 1.3, respectively, as compared with TTC staining. This suggested that both modalities have similar sensitivity in the measurement of heterogeneous microinfarct scars.
Histopathologic Analysis
TTC staining revealed a heterogeneous distribution of scarred microinfarcts in the LAD territory ( Fig 7 ) . The distribution and sizes of microinfarct varied from slice to slice and from animal to animal. Microscopic examination revealed the heterogeneous transmural distribution of the microinfarct scar 7-8 weeks after microembolization ( Fig 7 ) . Hematoxylin-eosin staining revealed the embolic material trapped in the scar tissue. Masson trichrome staining revealed the presence of stripes (tongues of fi brous tissue) extending from the epicardium to the endocardium mapping the territory of the occluded blood vessels. This staining enabled us to confi rm the presence of stripes of the scar extending from the epicardium to the endocardium seen on delayed contrastenhanced multidetector CT and MR images ( Fig 5 ) .
Discussion
The main fi ndings of this study are that (a) modern multidetector CT and MR imaging are sensitive modalities with which to visualize and measure heterogeneous microinfarcts and (b) 
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a heterogeneous microinfarct exceeding 5% of myocardium per slice at histologic examination could be detected in vivo with delayed contrast-enhanced MR imaging in swine with a sensitivity of 83%. Our results have shown that delayed contrast-enhanced multidetector CT and delayed contrast-enhanced MR imaging can be used to depict and accurately quantify heterogeneous microinfarct scar 7-8 weeks after microembolization. Interestingly, both modalities yielded comparable data regarding the extent of heterogeneous microinfarct scar, and they were not signifi cantly different from TTC staining microinfarct size. These fi ndings are in line with those of clinical studies, in which delayed contrast-enhanced multidetector percutaneous coronary intervention for atherosclerosis but include a wide range of abnormalities, such as valvular disease, prosthetic valve placement, endocarditis, cardiomyopathy with mural thrombus, arrhythmias, and heart-lung bypass (35) (36) (37) (38) (39) (40) (41) . This disease has also been reported in patients with hypertension, diabetes ( 3 ), systemic lupus erythematosus ( 42 ) , and sickle cell disease; in these patients, abnormally shaped erythrocytes obstructing the capillaries and small arterioles may cause microinfarct ( 43 ) . The results of previous studies have shown that delayed contrast-enhanced MR imaging is able to depict acute heterogeneous microinfarcts in patients ( 2,5,12,13 ) and animals ( 9-11 ). Nassenstein and co-workers ( 10, 11 ) found that multidetector CT and MR imaging can be used to detect regional perfusion defi cits 7-8 weeks after coronary intervention.
We used multidetector CT and MR imaging to assess myocardial viability, perfusion, and LV function in microinfarcts 7-8 weeks after coronary intervention, simulating atheromatous microemboli in patients with coronary artery disease. Our fi ndings suggest that either delayed contrast-enhanced multidetector CT or delayed contrastenhanced MR imaging can be used in patients to depict microinfarcts after percutaneous coronary intervention.
Myocardial microinfarcts resulting from showers of microemboli shed after coronary intervention are not limited to 
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Carlsson et al tors, forcing them to use the minimum number of animals required to achieve signifi cance, and (b) because of the high cost of imaging, surgery, and up to 8 weeks of animal husbandry. Thus, we did not perform a power calculation; instead, we based the number of animals in our study on the number of animals in previous studies. The number of animals in our study, however, was greater than or similar to the number of animals in relatively recently published reports (52) (53) (54) . Another limitation was the use of a single injection and the limited range of embolic material (40-120 m m). However, the size range of the embolic materials used represented the common sizes of microemboli retrieved after placing distal protection devices ( 55 ) . Additional multidetector CT, MR imaging, gross pathologic, and microscopic studies are needed to investigate the morphology, distribution, and pathophysiology of different sizes of microemboli. Future work will be needed to demonstrate the capability of multidetector CT to depict microinfarcts in patients.
Practical applications:
This study has shown that multidetector CT and MR imaging are sensitive modalities with which to depict (a) heterogeneous microinfarcted scars resulting from microembolization and (b) the deleterious effect of microembolization on regional LV function and perfusion. These imaging modalities may be useful in depicting microinfarcts in other diseases, such as valvular disease, hypertension, diabetes, systemic lupus erythematosus, and sickle cell disease. dimensional coverage, high spatial resolution, and excellent contrast between the myocardium and blood pool. Retrospectively, electrocardiographically gated multidetector CT has been used to quantify LV volumes, ejection fraction, and contractility ( 48 ) . Our fi ndings indicate that global LV functional measurements-namely, ejection fraction, end-diastolic volume, end-systolic volume, and cardiac output-quantifi ed on multidetector CT images are comparable with those quantifi ed on the reference standard MR images.
The ejection fraction in healthy swine with matched body weight is between 57.1% 6 4.7 and 58.4% 6 6.1 with MR imaging ( 49 ) and echocardiography ( 50 ), respectively . The ejection fraction in the animals in the current study was substantially lower (47.5% 6 3.2) than that in our previous study in healthy swine ( 49 ) . At the regional level, both imaging modalities depicted the decrease in regional wall thickening in the LAD coronary artery territory with microinfarct scars compared with that in remote myocardium.
The advantages of 64-section multidetector CT are the wide availability of CT scanners, their ease of use, and their high spatial resolution. On the other hand, the disadvantages of multidetector CT are the lower differential contrast between microinfarct and viable myocardium compared with MR imaging; the need for repeated injection of iodide-based contrast media, which may affect the use in patients with renal failure; and the relatively high radiation dose to patients. Recent studies, however, have shown that gadolinium-based contrast media may cause nephrogenic systemic fi brosis in patients with a reduced glomerular fi ltration rate ( 51 ) . Finally, there is presently a larger body of published evidence on the diagnostic capabilities of MR imaging compared with those of multidetector CT in the measurement of perfusion, function, and viability of homogeneous infarcts ( 27, 44 ) .
This study comprised a small number of animals (a) because our institutional animal care and use committee imposed a restriction on all investiga-CT and MR imaging yielded comparable sizes of homogeneous infarct ( 27, 44 ) . In a recent study, investigators compared multidetector CT with MR imaging in the defi nition of the periinfarct zone surrounding homogeneous infarct scars in swine ( 34 ) . They suggested that delayed contrast-enhanced multidetector CT enables a more detailed assessment of the small periinfarct zone in scarred homogeneous infarcts and is less susceptible to the partial volume averaging effect than is MR imaging.
Study results have shown the potential of fi rst pass multidetector CT (21) (22) (23) 25 ) and MR imaging ( 28, (45) (46) (47) in the detection of acute and subacute perfusion defi cits in homogeneous infarcts. In the current study, we found a minor perfusion defi cit in scarred microinfarcts compared with remote myocardium on fi rst-pass multidetector CT and MR images. The differences were pronounced for maximum upslope and time to peak but were not visible on the images. The smaller standard error of the mean for multidetector CT compared with MR imaging seen in Figure 4 is inherent to the difference in the techniques. The signal intensity on MR images was measured in arbitrary units, while the attenuation on CT images was measured in Hounsfi eld units and was fairly constant between studies. Contrast-enhanced multidetector CT attenuation values are determined by the physical properties of the blood and myocardium (viable and nonviable) that result from direct x-ray attenuation by iodine. On the other hand, contrast-enhanced MR imaging values are based on gadolinium-induced alterations of water relaxivity and thus refl ect indirect measurement of the amount and distribution of contrast media in the blood pool and myocardium (viable and nonviable) ( 34 ) . This is refl ected in the smaller increase in attenuation in the myocardium on multidetector CT images compared with the signal intensity increase on MR images after contrast media administration.
Both modalities yielded comparable regional and global data on LV function. MR imaging has emerged as the reference standard with which to evaluate LV function because of its three-
